Dopaminergic cells in the substantia nigra are highly vulnerable to the neurodegenerative process of Parkinson's disease. Therefore, mechanisms that enhance their susceptibility to injury bear important implications for disease pathogenesis. Repeated injections with the herbicide paraquat cause oxidative stress and a selective loss of dopaminergic neurons in mice. In this model, the first paraquat exposure, though not sufficient to induce any neurodegeneration, predisposes neurons to damage by subsequent insults. The purpose of this study was to elucidate the mechanisms underlying this "priming" event. We found that a single paraquat exposure was followed by an increase in the number of cells with immunohistochemical, morphological and biochemical characteristics of activated microglia, including induction of NADPH oxidase. If this microglial response was inhibited by the anti-inflammatory drug minocycline, subsequent exposures to the herbicide failed to cause oxidative stress and neurodegeneration. On the other hand, if microglial activation was induced by pre-treatment with lipopolysaccharide, a single paraquat exposure became capable of triggering a loss of dopaminergic neurons. Finally, mutant mice lacking functional NADPH oxidase were spared from neurodegeneration caused by repeated paraquat exposures. Data indicate that microglial activation and consequent induction of NADPH oxidase may act as risk factors for Parkinson's disease by increasing the vulnerability of dopaminergic cells to toxic injury.
Introduction
Parkinson's disease (PD) is a common neurodegenerative disorder, second only to Alzheimer's disease in its incidence among the aging population (Mayeux, 2003; Van Den Eeden et al., 2003) . The pathological features of PD include an abnormal accumulation of the protein α-synuclein throughout various brain regions and the degeneration of dopaminergic neurons in the nigrostriatal pathway (Forno, 1996; Spillantini et al., 1998) . This latter degenerative process is largely responsible for the disabling motor abnormalities that characterize PD in the form of slowness in movements, muscle stiffness, resting tremor and postural instability (Fahn, 2003) . The etiology of PD is likely to involve both environmental and genetic factors that would ultimately contribute to the progressive demise of specific neuronal cell populations (Di Monte, 2003) . However, the exact mechanisms of neurodegeneration remain relatively unknown and, for this reason, no effective neuroprotective intervention is as yet available.
Several lines of clinical and experimental evidence support the hypothesis that glial activation and inflammatory processes play a role in the pathogenesis of PD. Epidemiological studies found a lower risk for PD associated with regular use of non-steroidal antiinflammatory drugs (Chen et al., 2003 (Chen et al., , 2005 . Reactive microglial cells, which are important mediators of neuroinflammation, are abundant in the substantia nigra and striatum of patients with idiopathic PD (McGeer and McGeer, 2004; Ouchi et al., 2005) . In humans who developed a parkinsonian syndrome after accidentally injecting themselves with the neurotoxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), post-mortem analysis of the substantia nigra revealed clusters of reactive microglia around nerve cells (Langston et al., 1999) . This finding was suggested to reflect an ongoing neurodegenerative process that persisted years after the initial toxic injury and could have been perpetuated, at least in part, by chronic neuroinflammation (Langston et al., 1999) . Microglia have also been implicated in the production of reactive oxygen species (ROS) and the selective degeneration of nigrostriatal dopaminergic neurons caused by MPTP and other neurotoxicants in animal models and in vitro experimental paradigms (Gao et al., 2003a, b; Sherer et al., 2003; Wu et al., 2003; Ling et al., 2004) .
Systemic exposure of rodents to the herbicide paraquat, alone or in combination with the fungicide maneb, reproduces pathological features of PD, including the intraneuronal deposition of α-synuclein and the selective degeneration of dopaminergic neurons in the substantia nigra (Manning-Boğ et al., 2002; McCormack et al., 2002; Thiruchelvam et al., 2003; Peng et al., 2004) . Multiple treatments with paraquat or paraquat/maneb have been associated with activation of microglia, although a causal relationship
